Genetics of floral traits of Jaltomata procumbens (Solanaceae)
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Abstract. Understanding the genetic control of key reproductive traits/characters facilitates
better understanding of systematics and evolution. Accordingly, we employed hybridization
studies to investigate the Mendelian genetics of eight floral traits of two divergent populations
of Jaltomata procumbens, which appear to have undergone an evolutionary shift in mating
system. Marked phenotypic differences allowed us to analyze the genetics of morphological
differentiation. Flowers per inflorescence, sepal, petal, filament, and anther length, and stigma
diameter all show continuous variation, and therefore may be polygenic. The bimodal F,
distributions of the extent of nectar guides (petal spots) and staminal pubescence suggest that
each is controlled primarily by a major gene. Our data supports the widespread idea that most
phenotypic variation is controlled by numerous genes each having small effect, but also that a
difference between two divergent populations is sometimes primarily due to one gene having a
large effect.
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Gottlieb (1984) suggested that the genetic basis
of morphological differences between species can
be regarded as essentially the same as those within
species. Thus, studying genetic divergence within
species may contribute to improved understand-
ing of speciation, and intraspecific variation is a
neglected aspect of speciation genetics (Lexer &
Widmer, 2008). Approaches to the study of spe-
ciation can be retrospective (after the fact) or
during divergence (Via, 2009). A major advan-
tage of studying speciation in process is that one’s
conclusions are not confounded by post-
speciation evolution. A criticism of this approach
is that we don’t know whether the variation we
see within species will ever lead to speciation
(Via, 2009). However, if there is a continuum of
divergence, we may be able to study speciation at
an early stage. Many populations differ by fea-
tures associated with their flowers (Levin, 2000).
Clarifying the genetic control of these reproduc-
tive traits/characters will facilitate a better under-
standing of evolution (Barrett, 2010), and may
provide insights into the speciation process
and/or data relevant to species delimitation.

Here, we use hybridization experiments to in-
vestigate the Mendelian genetics of variation in
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floral morphology of functional traits (e.g., Diaz
et al., 2016) in two morphologically divergent
populations of Jaltomata procumbens (Cav.) J.
L. Gentry (Solanaceae). The subject of previous
research by the first author (Mione, 1992; Mione
& Yacher, 2005), J. procumbens is a common,
phenotypically variable, diploid, herbaceous, pe-
rennial distributed from Arizona, USA, to Ecua-
dor. It is commonly found in disturbed habitats,
including as a weed in agricultural fields where it
is usually tolerated because of its edible fruits
(Davis & Bye, 1982). The flowers have a green
corolla with darker green petal spots, yellow an-
thers, and nectar droplets that accumulate on the
base of the corolla. The flowers are visited by
bees in Mexico (Williams, 1985) and are self-
compatible (Mione & Yacher, 2005).

The two populations we studied show notable
differences in floral morphology, to such an extent
that some taxonomists might consider them to be
insipient species. One population has relatively
large flowers exhibiting herkogamy (anthers spa-
tially separated from the stigma [Fig. 1A], but
later connivent), while the other has smaller
flowers lacking herkogamy (stamens always
connivent, anthers at the stigma). In addition to
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Fic. 1. A.Jaltomata procumbens Py derived from accession 599. Petal spots extend from the base most of the way to the petal
lobe. Units are mm. B. P; derived from accession 32/. Basal petal spots. Units are mm. C. Petal spots of some F, plants were made
up of two different green hues: basal spots are darker green than spotting that extends most of the way towards the petal’s lobe tip.
Units are mm. D. F, transgressive segregant having less petal spotting than the minimum observed in Py 32/. Units are mm. Photos

by T. Mione.

the eight traits we selected for genetic analysis
(Table 1), cultivated plants derived from seeds
collected from the two populations differ consis-
tently in the following (with the trait of accession
599 listed prior to that of 32/): leaf pubescence
(glabrous versus hairy), leaf margin (entire to

repand versus toothed to repand), disparity in
stamen elongation rate within flowers (equal rates
versus unequal rates), pollen size (30-35 um ver-
sus 25.5-28.8 um), ovules per ovary (114-193
versus 66—108), maximum fruit width (18.2 mm
versus 9 mm), patterning of purple pigmentation
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TasLE 1. Floral traits measured.

No. Traits Definition Units Developmental stage
1 Flower number Number of flowers per inflorescence Inflorescences with at least
including flowers, flower buds, one open flower
and pedicel scars
2 Sepal length Distance of flattened structure from mm Open flowers
the base to the tip of the lobe
3 Petal length Distance of flattened structure from mm Hermaphroditic stage
the base to the tip of the lobe (after anther dehiscence)
4 Extent of petal spots Length of the petal zone having spots % Hermaphroditic stage
divided by petal length x 100 (after anther dehiscence)
5 Filament length Distance from base to apex of mm Hermaphroditic stage
staminal filament (after anther dehiscence)
6 Extent of filament pubescence Length of portion of filament % Hermaphroditic stage
having hairs divided by (after anther dehiscence)
filament length x 100
7 Anther length Distance from base to apex mm Open flowers, prior to
anther dehiscence
8 Stigma diameter Longest dimension of mm Open flowers

the stigmatic surface

on calyx subtending mature fruits (solid versus
radial markings), seed size (1.5-1.7 x 1.2-1.4
versus 1.3—1.5 x 1.0-1.2), number of seeds per
fruit (32—-180 versus 24—63), and degree and
timing of corolla closure (full closure in late af-
ternoon versus no closure or partial closure hours
later) (T. Mione, unpubl. data).

We have grown for study 22 different collec-
tions of Jaltomata procumbens from three coun-
tries. All but one (see below) exhibits herkogamy,
and thus we assume mixed mating predominates
in J. procumbens, and that the morphology of the
larger-flowered population studied here promotes
outcrossing, while that of the small-flowered pop-
ulation (the exception) is associated with in-
creased and/or obligate selfing (Moore & Lewis,
1965). Thus, our study was undertaken in the
context of a hypothetical shift in mating system,
which we assume has contributed to the observed
morphological divergence between the two focal
populations.

Materials and methods

Plant materials.—Approximately 50 to 75
seeds from one plant of each accession were
collected from two natural (non-cultivated) Me-
soamerican populations of J. procumbens at sim-
ilar altitudes but located some 1500 km apart.
Accession 599 was collected in 1994 in Morelos,
Mexico at 2230 m elevation from a population

displaying wild type morphology (i.e., relatively
large flowers and herkogamy) and is vouchered
by the herbarium specimen 7. Mione & R. Bye
599 (CONN). Accession 321 was collected in
1995 in Chiquimula, Guatemala at 1930 m from
a population displaying floral morphology atypi-
cal for the species (i.e., relatively small flowers
lacking herkogamy) and is vouchered by
D. Spooner et al. 7038 (AGUAT, BIGUA).

The two seed accessions, stored at 10 C, were
germinated at room temperature. The plants de-
rived from both accessions abundantly self-set
fruits in the greenhouse in the absence of pollina-
tors. Three true-breeding generations of each ac-
cession were grown in pollinator-free green-
houses, and then two individuals derived from
each of the two accessions were selected to be
used as the parental generation (P;) for
hybridization.

Crosses.—Hybridizations of the P, plants were
done manually, with P; 32/ randomly chosen to
supply pollen, and protogynous flowers (i.e., fully
open but prior to anther dehiscence) of P; 599
randomly selected to receive pollen. Flowers were
emasculated at the time of pollination to avoid
subsequent autogamy. Following five manual hy-
bridizations between the P; plants, all of which
resulted in fruit-set, seeds from one randomly
chosen fruit were planted to produce the F; gen-
eration. Only six seeds germinated of several
dozen planted, and one died, giving an F; of five
plants. Dozens of self-set fruits were formed on
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the F; plants and from these, seeds were randomly
selected to form the F, . Sample sizes in the F,
were unequal, however, because some seedlings
were eaten by herbivores, resulting in many more
F, plants from seeds set on some F; plants and
few from others. The number of F, plants from a
given F; plant ranged from 2 to 50, for a total of
161 F, plants.

Measurements.—Measurements of eight floral
traits were made on the Py, Fy, and F, generations
in consecutive years (2012-2014) on plants
grown in a University of Connecticut greenhouse,
an environmentally controlled, pollinator-free en-
vironment. The traits chosen are important in
pollination and mating systems and are used by
some authors as characters for distinguishing spe-
cies (Ornduff, 1969; Anderson et al., 2002). The
traits and their definitions are listed in Table 1.
Stamens and stigmata where measured with the
aid of a microscope from excised structures. Each
trait was measured once on a given flower, two to
six times per plant (Table 2). Measurements were
nearly evenly distributed among the plants of each
generation. Sample sizes for each of the measure-
ments are given in Table 2.

Data Analysis.— Means, ranges and standard
deviations were calculated for all measurements
of'the eight floral traits for P, plants, as well as for
the F; and F, generations (Table 2). For the F,
generation only, the coefficient of variation and
skewness were calculated and normality was test-
ed. Frequency distributions were generated for
each of the traits in the F, based on all F, mea-
surements, and also with a subset of the F, data
using only those F; plants derived from seeds set
on an individual F; plant (frequency distributions
not shown). To gain insight into the genetic inte-
gration of traits, phenotypic correlations among
the F, means for the eight focal traits were exam-
ined using Pearson and Spearman correlations.
The software Prism 6.0f (GraphPad Software,
Inc., www.graphpad.com) was used to perform
normality tests (D’Agostino and Pearson omni-
bus), to compute correlations, and to make fre-
quency distributions. The number of loci
influencing trait variation was estimated using
the Castle Wright estimator (Lynch & Walsh,
1998, p. 233; Hartl & Clark, 2007, equation
8.50, p. 453), which assumes that all genes have
equal effects, no dominance, and are unlinked.
The number of loci for sepal length was not
estimated because, surprisingly, the F; phenotypic
variance was higher than the F, variance.
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Results

Parental and F; generations.—Statistically
significant differences between the P; plants
derived from the two accessions were ob-
served in the eight measured traits (for all
eight T-tests, P = 0.0003 or lower). Relative
to Py 321, Py 599 had longer sepals, petals,
filaments and anthers, more extensive petal
spots, and larger stigmata, but a lower flower
number, and less extensive filament pubes-
cence. The mean of the observations for the
F, generation were intermediate between the
means of the parents for all traits. However,
for several traits the F; resembled to a greater
extent one or the other parent. For example,
the F; mean of trait 4 (extent of petal spots)
was much closer to the mean of P; 599,
whereas for trait 6 (extent of filament pubes-
cence) the F; mean more closely approached
that of P, 321.

F; generation.— The F, was derived complete-
ly from selfing: dozens of self-set fruits (flowers
are autogamous if not emasculated) developed on
the five Fy plants. The shapes of the F, distribu-
tions were similar regardless of whether they were
based on subsets of the F, data for plants derived
from individual F; plants (data not shown) or on
the pooled data. Thus, we report results for the
pooled data only (Fig. 2). Traits 1 (flower num-
ber), 3 (petal length), 5 (filament length), and 7
(anther length) were normally distributed in the
F,, whereas traits 2 (sepal length), 4 (extent of
petal spots), 6 (extent of filament pubescence),
and 8 (stigma diameter) failed the normality test
(Table 2). Stigma diameter in the F, was skewed
toward the parent (327) having smaller stigmata.

Traits 4 and 6 were skewed in the F, toward the
parents having more extensive petal spots (599)
and more extensive filament pubescence (321),
respectively. Bimodal distributions were evident
in the F, for both of these traits (Fig. 2). Petal
spots (trait 4) were either distributed from the
petal base out to 10-25% toward the lobe tip or
from the petal base out to 35—76% toward the lobe
tip (Fig. 2). Slightly over 25% (43/161) of the F,
plants had only basal petal spots, not significantly
different from a ratio of 1:3 (two-tailed X?=0.25 1,
df=1, P=0.617). In the case of extent of filament
pubescence (trait 6), 38-41/161 (~25%) of the F,
plants fell into the left distribution, and 123—
120/161 (~75%) into the right distribution. The
result for trait 6 was again not significantly
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Parent 599 Parent 321 F; gen. F, gen.
* mean * mean * mean * mean
* range * range * range * range F, gen.
*s.d. *s.d e s.d. es.d. » coeff. of variation
* no. plants/ * no. plants/ * no. plants/ * no. plants/ * passed normality?
Trait no.* no. obs. no. obs. no. obs. no. obs. * skewness
1 5.8 11.3 7.9 7.6 17.1%
5-6 10-12 6-10 4-113 Yes, P=0.7608
0.447 0.816 0.852 1.297 -0.1091
2/5 2/6 5/20 161/359
2 6.6 2.8 4.1 4.2 11.9%
6-8 2-35 3.349 3-6 No, P=0.0078
0.605 0.382 0.558 0.500 0.392
2/10 2/13 5/19 161/435
3 14.6 9.1 11.6 10.9 10.5%
12.5-16 8-10 10.5-13.4 8.5-14 Yes, P=0.4515
1.497 0.582 0.991 1.145 0.2128
2/6 2/8 5/18 160/328
4 57% 24% 45% 41% 41%
40-69% 17-30% 39-54% 10-76% No, P<0.0001
7.939 5.12 3.884 16.89 -0.3013
2/9 2/8 5/18 161/328
5 6.6 5.5 6.0 5.6 9.6%
5.5-8 4.5-7 5-6.6 4.25-7.05 Yes, P=0.3708
0.845 0.567 0.501 0.537 0.2643
6/10 7/18 5/19 161/330
6 23% 71% 61% 51% 33%
21-27% 64-80% 45-80% 18-85% No, P=0.0001
2.271 4.162 8.280 16.79 -0.5789
6/10 7/18 5/19 161/330
7 2.5 1.6 2.0 2.05 8.5%
2.1-2.7 1.4-1.7 1.7-2.35 1.65-2.58 Yes, P=0.6109
0.26 0.12 0.15 0.175 0.1734
2/8 2/6 5/23 157/352
8 0.59 0.27 0.47 0.395 16.4%
0.45-0.74 0.21-0.33 0.37-0.58 0.256-0.636 No, P=0.0003
0.1 0.04 0.06 0.645 0.7331
2/9 4/14 5/23 161/366

*Trait no. corresponds to the numbers given in Table 1.

different from a 1:3 ratio (two-tailed X2 = 0.019,
df = 1, P = 0.891 if the fifth bin, i.e. “407, is
treated as a part of the left distribution; two-tailed
X? =0.168, df=1, P=0.682 if the 40% bin is
treated as part of the right distribution).
However, the F, data for both traits is notably
variable, with some individuals being
transgressive with respect to the P; (Fig. 2). For
example, 21/161 (13%) of the F, plants had petal
spotting less extensive than the minimum ob-
served in the 32/ parents (Fig. 1D), and five F,
plants (3%) had petal spotting more extensive
than the maximum observed in the 599 parents.
Moreover, the presence of petal spots of two
different green hues in some individuals of the

F, was not observed in any of the P; plants
(Fig. lc).

Traits 1, 3, 5 and 8 were estimated to be influ-
enced by 0.7, 2.1, 3.7, 1.8 and 3.4 loci respective-
ly. We did not estimate the number of loci
influencing the extent of petal spots (trait 4) or
the extent of filament pubescence (trait 6) because
the F, frequency distributions were bimodal, thus
violating an important assumption of the Castle
Wright estimator.

More than half (15/28) of the pair-wise F, trait
correlations are significant (Table 3). Size traits
are significantly positively correlated, as is extent
of petal spots with both anther and filament
length. Flower number is negatively correlated
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TasLE 3. Phenotypic correlation among traits measured on plants of the F, generation®.

2 3 4 5 6 7 8
1 0.056 - -0.030 - - - -
0.047 - 0.054 0.042 0.017 0.062
) :k** 20.113 ;** : ;** :ww
0.598 - 0.278 0.012 0.474 0.303
sokeok Hekok _ e sk
3 0.102 HoAE -0.059 HkE o
0.402 0.524 0.350
4 wkk * w3k -
0.328 0.196 0.253 0.072
5 sk sk o
0.254 0.397 0.207
6 _ *ok
0.005 -0.249
- *
7 sk
0.378

ks

“The column and row headings refer to the trait numbers given in Table 1. P values are summarized as * P = .01 to .05; ** P =
.001 to .01; *** P < 0.001, with Pearson levels of significance summarized above the Pearson coefficients and Spearman levels

of significance below the Pearson coefficients.

with all of the size traits but the correlations are
not statistically significant.

Discussion

Our data suggest clear differences in the genet-
ic control of floral traits in Jaltomata procumbens,
a result in general agreement with previous stud-
ies of other angiosperms, which have documented
extensive variation in the genetics of floral traits
(Grant, 1975). In the following discussion, traits
are grouped together that appear to display similar
patterns of genetic control.

Traits 1 (flower number), 3 (petal length), 5
(filament length), 7 (anther length).—These traits
were intermediate between the parents in the F,
with the F; mean essentially equidistant between
the parent means, and displayed unimodal, nor-
mal distributions in the F,. We interpret this pat-
tern as suggestive of polygenic inheritance (with-
out allelic dominance), although flower number
was estimated to be under single locus control by
the Castle Wright estimator.

Our results for petal length are similar to those
obtained for Clarkia (Moore & Lewis, 1965;
Gottlieb & Ford, 1988) and Capsicum (Lippert

et al., 1966). Moore and Lewis (1965) hybridized
self-pollinating and outcrossing races of Clarkia
xantiana, and described the inheritance of flower
size as multifactorial.

Traits 2 (sepal length) and 8 (stigma
diameter).—These traits had F; means that were
intermediate but displaced from the median rela-
tive to the P; means, and displayed non-normal,
relatively skewed, unimodal distributions in the F».
We interpret this pattern as either developmental
noise or indicative of polygenic inheritance with
one or more dominant alleles. Our results for stig-
ma diameter are similar to those summarized by
Grant (1975) who studied stigma length by hybrid-
izing races of Gilia capitata. In agreement with our
data, stigma length in G. capitata was skewed
toward the parent having smaller (shorter) stigmata
in the F,, with the degree of skew in both his data
and ours suggesting that dominant alleles exist in
only about one out of three of the additive genes
involved (Grant 1975, pp. 181 and 189).

Traits 4 (extent of petal spots) and 6 (extent of
filament pubescence).—These traits both
displayed means in the F; that with respect
to the P; means, much more closely resembled
the parent with more extensive spots (599) and
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more extensive filament pubescence (327). In
the F, the distributions are bimodal, with the
individuals proportioned among the two parts
of the distribution in an approximately 1:3
ratio, but also with some individuals
displaying transgenic variation with respect
to the parents. These results are compatible
with control by a single major gene with one
allele dominant over the other (Grant, 1975).
We presume the major locus to be homozy-
gous in the parents and heterozygous in the F;.
With independent assortment within a major
gene having a dominant allele, the prediction
for the F, is that 25% of the plants will have
petal spots as extensive as those of one parent,
an outcome in accordance with our observa-
tions. However, broad variation among indi-
viduals within the two parts of the distribu-
tions of both traits reflects either the influence
of genes with minor effect or developmental
noise. Substantial environmentally driven phe-
notypic variation among F, plants is unlikely
since they were all grown in a common green-
house environment.

Transgressive segregation results if within each
parent, at different loci, there are alleles having
opposite effects, and these are recombined into
novel combinations in the F, (Grant, 1975, p. 184;
Lynch & Walsh, 1998, p. 477). The genetic archi-
tecture that allows transgressive segregation is
common (Rieseberg et al., 2003). The presence
of petal spots of two different green hues in some
individuals of the F, (Fig. lc), a state not seen in
the Py (photos were not taken of the F; flowers), is
suggestive of additive gene action.

The petal spots in Jaltomata procumbens are
presumably nectar guides, visible to the unaided
eye as darker green pigment on a lighter green
background. Nectar guides benefit both the plants
that have them and their pollinators (Leonard &
Papaj, 2011). Despite recent advances in our un-
derstanding of nectar guides/petal spots (Martins
et al., 2013), few researchers have investigated
their genetics. In Gossypium hirsutum and
G. barbadense crosses within species show con-
trol by a single gene with the petal spots allele
dominant over the spotless allele (Harland, 1936).
However, interspecific crosses of spotted x spot-
less resulted in continuous variation in the F5, due
to different modifier genes (Harland, 1936; Grant,
1981, p. 100). In Clarkia gracilis, each of the four
subspecies has a unique petal spot pattern, and
inheritance of petal spots is governed by two
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major genes, one a suppressor epistatic to the
other (Gottlieb & Ford, 1988; Martins et al.,
2013). In Capsicum, “yellow petal spot” is dom-
inant in interspecific crosses (Lippert et al., 1966).
In Brassica, the nectar guide is the UV absorbing
center of the flower, and in a cross of parents that
differed significantly in the proportion of the flo-
ral area occupied by the nectar guide, a unimodal,
approximately normal distribution was observed
in the F, (Kobayashi et al., 2006).

Staminal pubescence may decrease insect ac-
cess to the ovary (see Hanley et al., 2007), in-
crease the attractiveness of flowers, and/or pro-
vide a “foothold for visitors” (Faegri & van der
Pijl 1979, p. 84). In at least one variety of culti-
vated tomato, staminal pubescence was shown to
be important in reproduction (Rick, 1947), with
self-pollination resulting when hairs bind anthers
together. But when anther hairs are absent, a large
decrease in fruit set was observed. In that study,
the presence of staminal hairs was determined by
a dominant allele, with partial suppression being a
recessive condition.

Filament pubescence varies greatly among
Jaltomata species, and consequently authors have
used this trait in keys and descriptions of species
(Macbride, 1962; Mione et al., 1993, 2001, 2007,
2011, 2013, 2015a, 2015b; Leiva Gonzalez et al.,
2008, 2013, 2016). In J. procumbens, staminal
hairs are unpigmented, while in several South
American Jaltomata species they are intensely
purple, sometimes contrasting with the color of
the filament.

Trait correlations.—The positive correlation
of size traits with each other in Jaltomata
procumbens (Table 3) suggests that a single
genetic system may control size in multiple
floral organs (Macnair & Cumbes, 1989).
The negative correlations of both flower
number and the extent of filament pubes-
cence with the size traits was expected given
that the parent having smaller floral organs
had both significantly higher flower number
and significantly more pubescent filaments.
Phenotypic correlations in the F, generation
(Table 3) are almost all in the direction of
the parental trait combinations, as reported
by Clausen & Hiesey (1958, p. 116), due
to genetic linkage and or pleiotropy (Grant,
1975, p. 338). The correlation between the
extent of petal spots and anther length may
be due to linkage given that these traits seem
unlikely to be developmentally related.
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In a separate study based on midparent
midoffspring regressions (T. Mione, unpubl. da-
ta), the heritability of all of these traits was quite
high, usually about 1, based on data from plants
grown in a greenhouse where environmental var-
iation was highly reduced. When the heritability
of a trait is high, a phenotypic correlation is a
reasonable substitution for a genetic correlation.
Indeed, Waitt and Levin (1998) concluded that
phenotypic correlations in plants are a good indi-
cator of “their genetic counterparts.”

Conclusion.—The interfertility of the two par-
ent (P;) populations suggests that wholesale
genome reorganization has not taken place dur-
ing the evolution of 19 trait differences (eight
studied here), and that morphological differen-
tiation has not been accompanied by the evolu-
tion of cross-incompatibility. Sixteen Jaltomata
species tested to date are self-compatible
(SC)(Mione, unpubl. data), and the cross-
compatibility of the parents is concordant with
SC species tending to be more cross-compatible
than self-incompatible species (Anderson,
1977; Whalen & Anderson, 1981; Baek et al.,
2015). The F; plants abundantly self-set fruits
containing seeds that germinated readily, and F,
plants set fruits as well, suggesting the absence
of outbreeding depression (Waser & Price,
1994) and the possibility of selection having
favored the ability to outbreed (Solbrig, 1968,
p. 93). This study demonstrates, within one
variable species, that if the parent populations
were to hybridize, transgressive variation may
result, a potential source of evolutionary novel-
ties (Rieseberg & Willis, 2007).

We also demonstrated that for the traits
analyzed, the estimated number of loci affect-
ing trait variation ranged from one to four.
Gottlieb (1984) discussed two categories of
morphological traits in plants: 1) those con-
trolled by one or two genes, tending to be
presence/absence, structure, shape and archi-
tecture traits, and 2) polygenic traits including
length, number and weight features. The size
traits we studied all appear polygenic, concor-
dant with Gottlieb’s observations. However,
the two ‘extent’ traits, petal spots and filament
pubescence, do not fit neatly in either catego-
ry. The data for these traits appear to support
Mather and Jinks’ (1982, p. 38) observation
that “variation may at the same time be due
partly to major gene differences and partly to
a polygenic system.”
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